The risk of xenozoonosis infections poses the greatest obstacle against the clinical application of hybrid artificial liver support system (HALSS). Primary human hepatocytes are an ideal source for HALSS, but the shortage of human livers available for hepatocyte isolation limits this modality. To resolve this issue, we used human hepatocytes with replication capacity (fetal hepatocytes, Hep G2, and Huh 7) in a polyurethane foam (PUF)/spheroid culture system in vitro, and analyzed liver functions such as ammonia removal and albumin synthesis capacity; results were compared to those of porcine hepatocytes. Human fetal hepatocytes, Hep G2, and Huh 7 formed spheroids spontaneously within 24 h in a PUF/spheroid culture system; ammonia removal activity (µmol/10 6 nuclei/h) was upregulated, as was albumin synthesis activity (µg/10 6 nuclei/day). In particular, Hep G2 spheroids demonstrated high ammonia removal and albumin synthesis activities: 85% of the ammonia removal activity and 171.7% of the albumin synthesis activity of porcine hepatocytes in the monolayer culture. These results indicate the possibility of the development of a multicapillary PUF (MC-PUF) packed-bed culture system of hepatocyte spheroids as a HALSS using Hep G2.
INTRODUCTION
Primary human hepatocytes are an ideal source for HALSS, but the shortage of human livers available for hepatocyte isolation limits this modality. Human hepato-Because it is estimated that 80% of patients with acute liver failure die while on the waiting list for liver cyte cell lines established from hepatocellular carcinomas can replicate well in vitro, and they are resistant to transplantation (12), the development of a liver support system is urgently needed for use as a "bridge" or as a the negative effects of cryopreservation. It has also been reported that such cells lose many of the biochemical treatment for reversible acute liver disease (4, 18) . To date, various hybrid artificial liver support systems functions of hepatocytes, such as ammonia removal activity, which is considered essential for cells used for (HALSS) using porcine hepatocytes have been submitted to clinical trials (5, 24) .
HALSS (3) . However, it has been reported that Hep G2 (9) and Huh 7 (21) can maintain certain biochemical Zoonosis issues have become more visible after the recent discovery that the pig genome harbors retrovi-functions of hepatocytes. Sussman and colleagues reported the efficacy of HALSS utilizing C3A (derived ruses (13) that can infect human cells in vitro (16) and NOD/SCID (nonobese diabetic, severe combined immu-from Hep G2) in hollow fiber (20), but they failed to demonstrate its efficacy in a recent clinical trial (2) . In nodeficiency) mice in vivo (23). Although there is no evidence of PERV infection in 160 patients who re-a recent report, nontransformed human fetal hepatocytes treated with butyrate replicated in an unlimited fashion ceived porcine living cell therapy (blood perfusion with spleen or liver, and skin transplantation) (15), the Public and then restored differentiated hepatocyte-specific functions, such as albumin synthesis and urea synthesis Health Service (PHS) has strictly revised their guidelines about xenotransplantation, including HALSS (17). (27) .
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In this report, we investigated the hypothesis that a Human Fetal Hepatocytes and Growth Medium high-density three-dimensional culture of human hepato-Human fetal hepatocytes (Hc cells) were provided by cytes (fetal hepatocytes, Hep G2, and Huh 7) using a six fetal liver tissues by elutriation following dispase dipolyurethane foam (PUF)/spheroid culture system would gestion (Applied Cell Biology Research Institute, Kirkresult in the upregulation of liver-specific function. In a land, WA, USA), and had been in continuous monolayer comparison with porcine hepatocyte function, we invesculture on collagen I cellware 100-mm cell culture tigated the possibilities for the development of a HALSS dishes (Biocoat  cell environments, Becton Dickinson, using human hepatocytes.
Bedford, MA, USA). CSC serum-free medium (Cell Systems, Kirkland, WA, USA) supplemented with 500 MATERIALS AND METHODS IU/ml penicillin-streptomycin (Gibco) was used for cell Human Cell Lines and Growth Medium growth.
The hepatocyte cell lines Hep G2 and Huh 7 from
Preparation of Porcine Hepatocytes the Riken Cell Bank (Tokyo, Japan) were kept in continuous monolayer culture on uncoated 92-mm cell culture Hepatocytes were isolated from domestic pigs (female; weight 10 kg) by the liver perfusion methods de-dishes (Nunclon TM ∆ Surface, NUNC Brand Products, Denmark). DMEM (Gibco Co. Ltd., Grand Island, NY, scribed by Seglen (19) and Gerlach (6) . The livers were excised, digested, and passed through a stainless steel USA) supplemented with 10% fetal bovine serum (FBS) (JRH Biosciences, Australia), 500 IU/ml penicillin-mesh. Hepatocyte-enriched fractions were prepared by centrifugation and suspended with Williams' E medium streptomycin (Gibco) was used for cell growth. It was confirmed that the cell lines of Hep G2 and Huh 7 were (Gibco) containing 10% FBS. The average cell viability was more than 85% as measured by the trypan blue ex-not infected by mycoplasmas (1, 14) . clusion method. The Kyushu University Institutional Animal Care and Use Committee approved all animal protocols.
Hepatocyte Stationary Culture
Our methods of obtaining a hepatocyte stationary culture in a monolayer or PUF/spheroid culture were described in detail in a previous article (8) . In brief, the hepatocytes were inoculated for a monolayer culture at a density of 5.0 × 10 5 viable cells per type I collagencoated dish (diameter 35 mm) in 2 ml Williams'E medium containing 10% FBS. A block of PUF was cut into flat plates (1.0 × 25 × 25 mm). Hepatocytes were inoculated at a density of 3.0 × 10 6 viable cells per petri dish (diameter 35 mm) that contained a piece of PUF plate in 2 ml Williams' E medium containing 10% FBS. were determined by the nuclei in each three dishes at spheroids. days 1, 3, 7, 14, and 28 during the culture periods; this was done with a hemocytometer using the method described by van Wezel (25).
Cellular Morphology and Concentration
cytes was maintained in both monolayer and PUF/spher-Ammonia Removal and Albumin Synthetic Assays oid three-dimensional cultures during the 28 days of cul-To investigate ammonia removal activity, we added ture. The number of Hep G2 and Huh 7 cells increased 1 mM NH 4 Cl to Williams' E medium containing 10% substantially in the PUF/spheroid three-dimensional cul-FBS in each of three dishes at days 1, 3, 7, 14, and 28 ture; the cell density of Hep G2 reached 4.38 ± 3.62 × during the culture periods. After 24 hours, the medium 10 6 nuclei/cm 3 and the density of Huh 7 reached 3.62 ± collected and ammonia in the medium was measured by 1.76 × 10 6 nuclei/cm 3 on the 28th day of culture (mean ± a commercially available test kit (Ammonia test Wako, SD). On the other hand, the increase in the number of Wako Chemicals Co. Ltd., Osaka, Japan). The amount Hc cells was suppressed, perhaps due to cell-cell conof albumin was measured by enzyme-linked immunotact inhibition; cell density in PUF/spheroid three-disorbent assay (ELISA) using a commercialized kit (Albmensional culture at 28 culture days was at least 0.71 ± well II, Exocell, Inc., Philadelphia, PA, USA). 0.28 × 10 6 nuclei/cm 3 .
Statistical Analysis Ammonia Removal and Albumin Synthesis Activity Statistical evaluations of numerical variables in am-
The changes in ammonia concentrations (mM) in the monia removal and albumin synthesis activity were permedium at days 1, 3, 7, 14, and 28 of culture are deformed using Mann-Whitney's U-test. Significance was scribed in Figure 3 . Hep G2 and Huh 7 removed ammodefined as p < 0.05.
nia over a period of 28 days in both the monolayer and PUF/spheroid three-dimensional culture. In particular,
RESULTS
Hep G2 spheroids in the PUF three-dimensional culture Cellular Morphology and Proliferation removed ammonia as well as porcine hepatocytes cultured in monolayer during the 28 culture days. The am-Hep G2 and Huh 7 were observed microscopically to form a multilayer in type I collagen-coated dishes. Hep monia removal rate (µmol/10 6 nuclei/h) is summarized in Table 1 . Hc, Hep G2, and Huh 7 cells significantly G2, Hc, and Huh 7 spontaneously formed spheroids, the diameters of which were within 100-150 µm in PUF upregulated the ammonia removal rate in PUF/spheroid three-dimensional culture as well as did the porcine he-during 24 h; this applied as well to the porcine hepatocytes ( Fig. 1a-d) . The increase in cell number (10 5 nu-patocytes. The ammonia removal rate of Hep G2 and Huh 7 spheroids decreased according to the culture, and clei/dish) according to the number of days of culture is described in Figure 2 . The number of porcine hepato-in particular after 3 days of culture. The ammonia re- Huh 7 significantly upregulated the albumin synthesis rate in PUF/spheroid three-dimensional culture, and this value peaked at 7 days of culture. The albumin synthesis moval rate of Hep G2 spheroids peaked at 0.108 ± 0.015 rate of Hep G2 spheroids peaked at 31.7 ± 1.14 µg/10 6 µmol/10 6 nuclei/h on day 1 of culture, which amounted nuclei/day on day 7 of culture; this value represents to 85.0% of the peak of the ammonia removal rate of 172% of the peak of the porcine hepatocytes in the the porcine hepatocytes in the monolayer culture, and monolayer culture, and 76.2% of the peak of the porcine 64.3% of the peak of the ammonia removal rate of the spheroids in the PUF three-dimensional culture. porcine spheroids in the PUF three-dimensional culture. DISCUSSION The changes in albumin concentrations (µg/dl) in the medium at days 1, 3, 7, 14, and 28 of culture are de-Hep G2 and Huh 7 replicated well in the PUF/spheroid three-dimensional culture over a period of 28 days, scribed in Figure 4 . Hep G2 and Huh 7 spheroids synthesized albumin well during the 28 days of culture. The and both cell lines spontaneously formed spheroids within 24 h. This finding indicates that Hep G2 and Huh albumin synthesis rate (µg/10 6 nuclei/day) is summarized in Table 2 . Porcine hepatocytes, Hc, Hep G2, and 7 are appropriate for use in high-density culture in a 0.020 ± 0.013 0.006 ± 0.006 0.004 ± 0.001 0.003 ± 0.001 0.003 ± 0.001 Huh 7 spheroid 0.064 ± 0.004* 0.035 ± 0.004* 0.012 ± 0.001* 0.007 ± 0.002* 0.003 ± 0.001 Porcine monolayer 0.106 ± 0.004 0.127 ± 0.017 0.110 ± 0.005 0.100 ± 0.005 0.099 ± 0.012 Porcine spheroid 0.168 ± 0.010* 0.168 ± 0.007* 0.163 ± 0.002* 0.152 ± 0.005* 0.158 ± 0.005* Data are mean ± SD; n = 3. *p < 0.05 compared with each value of monolayer culture. multicapillary polyurethane foam (MC-PUF) packed-the use of human hepatocytes in HALSS would circumvent xenoimmunological hyperacute rejection of animal bed culture system of hepatocyte spheroids, namely, in a HALSS originally developed by our own group (7, 8) .
hepatocytes (11) , which causes such HALSS to lose their efficacy at an early stage (22) . Our MC-PUF The quantity of the module volume using Hep G2 or Huh 7 cells has the capacity of being more reduced than packed-bed culture system using porcine hepatocyte spheroids as HALSS loses its function within 48 h in that of porcine hepatocytes.
Human hepatocyte cell lines established from hepato-human plasma because of the hyperacute rejection (26) . The use of human hepatocytes, including cell lines de-cellular carcinomas have previously been reported to lose their ammonia removal activity completely (3) .
rived from hepatocellular carcinoma, in a HALSS has the possibility to lengthen the duration of applicability, However, our study demonstrated that Hep G2 in PUF/ spheroid three-dimensional culture can maintain rela-and this modality may be able to expand the indication of the usage of HALSS to patients with chronic liver tively good ammonia removal activity (i.e., approximately 85.0% of the porcine hepatocyte value in the diseases, such as cirrhosis. The above results and considerations encouraged us to develop a HALSS using monolayer culture, and 64.3% of the porcine hepatocyte value in the spheroids). As regards protein synthesis ac-Hep G2 spheroids in a MC-PUF culture system. It should be noted that, due to the Hep G2 cell leak-tivity, Hep G2 spheroids also demonstrated high albumin synthesis activity (i.e., approximately 172% of the age, the use of the Hep G2 cells is not free from the risk of carcinogenesis. Accordingly, human fetal hepato-porcine hepatocyte value in the monolayer culture, and 76.2% of the porcine hepatocyte value in the spheroids).
cytes, which replicate well in vitro, are a potential source for a HALSS using human hepatocytes. However, our The decrease in ammonia removal activity and albumin synthesis activity according to the number of days of study of human fetal hepatocytes did not demonstrate encouraging efficacy; the ammonia removal activity of culture in PUF/spheroid three-dimensional culture of Hep G2 and Huh 7 might have been due to the poor Hc was very weak compared with that of Hep G2 and Huh 7. In addition, in recent reports, oncostatin M (10) exchange of essential substances in the high-density stationary culture. This negative effect was considered to or sodium butyrate (27) was able to differentiate and upregulate fetal hepatocytes; however, in our experi-be larger in the metabolic activity than the protein synthesis activity, so the ammonia removal activities of Hep ment, the reported effects did not apply to both monolayer and PUF/spheroid three-dimensional culture as re-G2 and Huh 7 spheroids were considered to decrease more rapidly. A circulation culture using a MC-PUF gards ammonia removal and albumin synthesis activity (data not shown). packed-bed culture system of Hep G2 spheroids as a HALSS would be a method of avoiding such a loss of
In conclusion, high-density three-dimensional cultures of human hepatocytes (fetal hepatocytes, Hep G2, function.
In a recent report, Hep G2 spheroids in alginate and Huh 7 cells) using a PUF/spheroid culture system resulted in the significant upregulation of ammonia re-upregulated novel protein synthesis (e.g., synthesis of albumin, fibrinogen, prothrombin, α-1 antitrypsin, and moval and albumin synthesis activity. In particular, Hep G2 spheroids in PUF three-dimensional culture func-α-1 acid glycoprotein) (9) . Considering the supply of proteins needed for liver failure patients, the application tioned nearly as well as did primary porcine hepatocytes.
In the present study, we demonstrated the potential for of human hepatocytes in a HALSS would be advantageous over the use of porcine hepatocytes. In addition, developing an MC-PUF packed-bed culture system of
